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Abstract

spin drying (1, 15, and 30 min) and tunnel drying (5, 10, and 15 min) were used to
study the effects of surface moisture removal on the quality of minimally processed and
modified atmosphere packaged lettuce over a 16-day storage period. A control sample
was used to test the effects of no surface moisture removal on the quality oflettuce over

the 16-day storage period. Lettuce was inoculated with indigenous lettuce spoilage flora
at a level of 5x10'cfu/g. The parameters used to test the quality ofthe stored lettuce
were percent moisture, color, package atmosphere, and microbial counts. Moisture
analysis results indicated that spin drying for 1, 15, or 30 min or tunnel drying for 10 and
15 min, were less dry than the lettuce with no surface moisture removal (P<0.5). Tunnel

drying for 15 minutes and spin drying for 30 minutes were the most effective surface
moisture removal treatments, removing 0.9 and 0.8% moisture from the lettuce surface

respectively. A correlation of r = 0.996 was found between the aerobic plate counts

(30°C)and the psychrotrophic counts(7°C)in the microbial study (P<0.05). Spin drying
produced lower microbial counts compared to the control (P<0.5). Tunnel drying had no
significant effect on the microbial counts (P>0.05). The most effective treatments were
spin drying for 15 or 30 min, removing approximately 0.5 log,o cfli/g from the lettuce
(P<0.05). Lettuce that was tunnel dried for 10 or 15 min or spin dried for 30 min had a

higher hue angle, indicating less browning, than the control (P<0.1). The total change in
color(aE) results were similar The analysis of the percent carbon dioxide in the package
atmosphere revealed that spin drying the lettuce significantly reduced the amount of

IV

carbon dioxide inside the package (P<0.05). However, tunnel drying the lettuce had no
effect on the amount of carbon dioxide inside the package (P>0.05). Results from a

consumer sensory panel indicated that after 4 days ofstorage, only 15% of the panelists
would purchase the control lettuce while 40% would purchase the lettuce spin dried for 15
or 30 min or tunnel dried for 15 min. The results of this study illustrated that technique of
moisture removal does make a difference in the number of microorganisms and the

amount of carbon dioxide produced inside the package with only spin drying being
effective. However, tunnel drying(10 and 15 min) was equally as effective as spin drying

(30 min)for controlling change in color ofthe lettuce over storage time.
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Chapter 1
Introduction

Minimally processed fruits and vegetables are increasing in popularity and

production. Value added produce is currently accepted twice as often as new domestic
and inqDorted fresh products. In addition, the minimally processed fruit and vegetable
industry is growing at a rate of 12.5 new products per year. Buyers ofproduce are driven

by two factors: quality and price, which are attained by minimally processed fiuits and
vegetables(Bennett, 1994). One ofthe most widely used products for minimally

processing is lettuce, as evidenced by the ready made salad industry(Sloan, 1994).

Minimally processing lettuce includes trimming, cutting, washing, and centrifliging
all ofwhich can damage the tissues. Once the lettuce tissue is injured the lettuce adjusts
metabohcally to repair the cell damage. The wounded tissue loses moisture, browns at a
faster rate than unwounded tissue, and can more readily be invaded by microorganisms

(Watada et al., 1990). Altering atmospheric conditions to match the respiration rate of

minimally processed fresh produce results in increased shelf-Ufe (Ballantyne et al., 1988).
There has been a significant amount ofresearch on altering atmospheric conditions of

produce to increase shelf-life and quality, but minimal research has focused on processing
conditions to enhance product quality.

Because ofthe amoimt ofresearch and technology that has been devoted to the

minimally processed friiit and vegetable industry, studying the factors that can enhance or
1

reduce the eflFects of modified atmospheres is paramount. The purpose ofthis study was
to determine what role smface moisture plays in maintaining the quahty oflettuce and at
what level of moisture is beneficial or harmfiil to the lettuce tissues. In addition, to the

role ofsurface moisture, techniques of moisture removal such as tunnel drying with 25"C
air and spin drying were conq)ared.

Researching the drying parameter of minimally processed lettuce, will provide

processors with an estimation ofthe amount of drying necessary to provide the optimum
moisture level, microbial reduction, and overall lettuce quality.

Chapter 2
Review of Literature

Minimally processed refiigerated(MPR)finits and vegetables are products that
contain live tissues or those have been only somewhat modified from the fresh-condition
and are fresh-like in character and quaUty(Wiley, 1994). MPR fruits and vegetables have
become increasingly popular because oftheir convenience, fresh quahty, and nutrition

(King and Bolin, 1989). MPR fiuits and vegetables are usually washed, trimmed, peeled if
necessary, washed again, and then packaged (Nguyen-the and Carlin, 1994). When MPR

fruits and vegetables are packaged in MAP they have a shelf-life allowing time for
distribution and sale while maintaioing a fresh-like quahty. One ofthe most popular and

fastest growing markets for MPR/MAP products is the ready made salad industry(Sloan,
1994).

The recent push for a healthy lifestyle has led to the increased consumption of
frmts and vegetables. The current promotion by the U.S. Department of Agriculture
recommends the daily consumption offrve fiuits and vegetables and is encoiuaging U.S.
consumers to follow the food guide pyramid. Changing patterns ofconsumption are

evidenced by the demand for high quahty, fresh, and flavorfiil products. AH ofthese

quahties are found in MPR/MAP fiuits and vegetables(King and Bohn, 1989). Those

benefitting from MPR/MAP technology are the general pubhc,food manufacturers, and
food service operators(Wiley, 1994).

In order for the minimally processed fruits and vegetables to have optimal quahty,
they should be in excellent condition at the time ofharvesting, processing, and shipping.
In addition, they should be free of mechanical injxuies and microbial spoilage. In order to
maintain the natural plant protective surfaces, exposure to processing should be kept to a
mmimiim However, processing fruits and vegetables may include cutting and peeling, to
provide a more convenient and higher value product, but these steps damage the tissues.
Once the tissue is damaged and moisture is lost, microbial decay accelerates, ethylene
production increases, and surface browning is notable(Watada et al., 1990).

Lettuce

One ofthe most widely accepted MPR produce products experiencing changes in
modified atmosphere technology is the ready-made salad (Russell, 1996). The ready-made

salad provides consumers with an addition to their meal that takes little preparation and is
part ofa nutritious diet. The major component ofthe ready made salad is lettuce. Lettuce

is the fourth most popular vegetable and is almost always consumed raw(USDA, 1995).
There are mainly six morphological types oflettuce: crisphead (Lactuca sativa, var.

capitata), butterhead, cos, leaf, latin, and stem. Crisphead lettuce is by far the most
popular type oflettuce grown. The outer leaves of crisphead lettuce are light green and

the inner leaves are white to Ught yellow. Some varieties ofcrisphead lettuce include
Calmar, Ithaca Great Lakes, Nabucco, and Saladin. The most popular varieties oflettuce

are Vanguard 75 and Winterhaven. Although there are some differences between

crisphead lettuces, for the most part these varieties oflettuce are not very different in

color or texture. Conversely, some ofthe loose-leaf varieties, American red edge,
Australian yellow. Salad bowl, and Lollo are similar in textme and shape, but are more
vivid in color (Buishand et al., 1986; Lipton and Ryder, 1989).

Respiration rate is an important factor in determining the storage life of a
product. Several fectors affect the respiration rate of a product: temperature, plant part,
cultivar, area ofproduction, and growing season. The respiration rate ofhead lettuce

expressed as carbon dioxide production is 13 to 20(mg/kg -h) at 4 to 5° C. Because
lettuce does not have a high respiration rate like raspberries nor does it have a low

respiration rate like potatoes, it is considered a moderate respirator(Hardenburg et al.,
1986). Recent packaging technology has provided the fruit and vegetable industry an

outlet to make value added produce. Lettuce has been an excellent product for value
adding through minimal processing and MAP.

The fast growing market ofthe ready- made salad industry is evidenced by its

economical growth. According to the bureau oflabor statistics, the annual retail price of
lettuce in 1970 was $0.166 per 0.45 kg(1 lb) and has increased to $0,608 per 0.45 kg(1
lb)in 1994. In 1970 the average grower made $ 4.75 per 45 kg(100 lbs) and $13.00

dollars per 45 kg(100 lbs) in 1994 (USDA, 1995). Consumer Reports(1996)indicate
that a salad consisting oficeberg lettuce, cabbage, and carrots costs the same whether it is

homemade or piu'chased ready-made. However, a salad made with radichio and romaine
lettuce costs 42 extra per serving, compared to the iceberg ready-made salad

(Anonymous, 1996). Although the cost may be extra in some cases, consumers are opting
for the convenience over cost.

Lettuce it is not the most nutritious vegetable. However,it does provide some

nutrition to the diet, and contributes bulk to the digestive process. As illustrated in Table

1, lettuce is primarily water, however, when lettuce is combined with other vegetables to
make a salad, the nutritional value ofthe product is enhanced (Lipton and Ryder, 1989).

Table 1- Proximate composition oficeberg lettuce'
Conq)onents

Percent
95.89 ±

0.91

Protein

1.01 ±

0.35

Total Upid

0.19 ±

0.35

Total carbohydrate

2.09 ±

0.35

Fiber

0.53 ±

0.28

Ash

0.48 ±

0.20

Water

'Proximate conq)osition based on 100 grams oflettuce(USDA, 1984).

Quality
The desnable attributes oflettuce are crisp texture, cool moutbfeel, and green to

bght green color. In order to maintain these quahties, lettuce must be maintained at

optimum conditions. The USDA grade standards for lettuce are: turgidity, color, maturity
(firmness), trimming(number of wrapper leaves), fi"eedom fi"om mechamcal damage,

physiological disorders, defects, and decay. Califonua grade standards are: fi"eedom from
insect damage, decay, tip biun, freezing injury, broken midribs, and bruising. For

sectioned, chopped, or shredded lettuce the USDA grade standards are same as for intact
heads except free of discoloration and excessive moisture(Kader, 1992 ).

Quality oflettuce is initially developed in the field. Some ofthe factors that aflFect
the quahty of the final product include nutrient and moisture content, cultrvar, maturity at
harvest, harvesting conditions, and amount of produce handling (Shevvfelt, 1987).
Lettuce is primarily grown in cool, arid regions, such as California and Arizona. After
lettuce is grown, it is hand-harvested. Fomey and Austin (1988)determined one ofthe
fectors that can afiect the quahty oflettuce is the time of day it is harvested. Lettuce
harvested early in the morning had a higher carbohydrate content. Because ofthe higher
carbohydrate content, lettuce was more susceptible to brown stain injury when held at

elevated levels of COj. After lettuce is harvested, it is field packaged and then vacuum
cooled. Field packaging, immediate cooling, and maintenance ofrefiigeration
tenq)eratiu-es provides lettuce a shelflife ofapproximately 14 days(Ryall and Lipton,
1979). Cooling lettuce after harvesting helps to slow respiration and retard decay
(Kasmire and Cantwell, 1992). It is essential that lettuce be maintained in refiigerated
conditions(4°C)throughout transportation and retail to keep respiration ofthe product
at a minimum
Lettuce to be sold as cut lettuce is handled xmder similar conditions. Once the

lettuce is received by the processor, the outer leaves are removed, and it is cored and
chopped. Next the lettuce is rinsed with chlorinated water(50-100ppm), spin dried to

remove excess water, and packaged. Although washing helps to reduce the microbial
load, Adams et al.(1989)found that a 100 ppm solution of available chlorine (ca. pH 9),

reduced the aerobic plate count by 97.8% or sUghtly under a 2 logjo reduction. In
addition, researchers discovered increasing the chlorine wash time from 5 to 30 min did

not further decrease microbial populations. Processing which includes cutting, spin

drying, and packaging oflettuce is an essential step, however over-processing can lead to
tissue damage increasing the rate ofsenescence. When lettuce is processed, the cell wall is
damaged, resulting in a loss of cell turgor and a loss oftexture. Processing also affects the
appearance ofthe product due to enzymatic reactions. When the cellular enzymes are
released due to the ruptured cells they oxidize the phenol compoimds which leads to

browning(King and Bolin, 1989). In addition to browning, microbial spoilage reduces
overall quality. The released nutrients from processing provide a substrate for microbial
growth ofbacteria that may survive in the hydrophobic pockets or folds in the leaf surface

(Adams et al., 1989). The growth ofspoilage organisms reduces quality by producing
off-flavors, odors, and poor appearance (Brackett, 1994).

Modified Atmospheres
Modified atmosphere packaging has been successfully used in the MPR fiuit and

vegetable industry. Modified atmosphere packaging, is the enclosure offood products in
high gas-barrier materials, in which the gaseous environment has been changed to slow
respiration rates, reduce microbiological loads, and retard enzymatic spoilage—with the
final effect ofincreasing the shelf-life (Koski, 1988). There are several factors that play a

role in the shelf life and safety of MAP products: the type and nature of the product, gas
environment inside the package,the package itself storage temperature, and the
packaging process(Hotchkiss, 1988).

Minimally processed lettuce can be packaged under MAP conditions to increase

shelf- life. Heimdal et al.(1995)studied some biochemical changes that occur in MAP

due to variation in cultivars oficeberg lettuce. These researchers found MAP significantly
decreased the amount of browning that occurred in lettuce (P<0.05). They determined
that visual browning could not be correlated with the amount of polyphenol oxidase in the
lettuce. The total carbohydrate content could not be correlated to the amount of

browning that occurred during the storage study ofthe lettuce. Research has been
conducted to determine the best way to package minimally processed lettuce. Ballantyne

et al.(1988), found that shredded lettuce had a longer shelflife (14-d) when flushed with
5% O2 and 5% COjin combination with 25 or 35//m polyethylene film, before
browning and oflf-odors could be detected. Lettuce that was able to create an atmosphere
naturally developed the atmosphere very slowly and browned before the ideal atmosphere
could be achieved (Ballantyne et al., 1988). Exama et al.(1993), worked to determine the
best films for various fhiit and vegetable commodities, which revealed that a combination
of 2 to 5 % O2 and 0 to 2% CO2 offers the ideal MAP conditions for lettuce.

Although MAP has been effective in preserving visual quality, it does not affect

microbial populations. Barriga et al.(1991) found that a 3% O2 and 10% CO2
combination maintained an acceptable visual quality, but had no affect on the microbial

population. Packaging and modified atmospheres are important to the overall keeping

quality of produce, however temperature is the most important factor when detenmning
ideal packaging film for produce(Exama, 1993; Kader et al., 1989). Bolin et al.(1977)
found that shredded packaged lettuce stored at 2''C maintained better quality than lettuce
stored at 10°C.

Moisture

The amount of moisture is extremely important for the overall keeping quality of

lettuce. The most important part of lettuce quality is its crispness. Crispness is directly
related to the amount of water in the cell (hydrostatic pressure)(Stanley, 1991).

Cisneros-Zevallos(1995)found that surface moisture plays an important role in the
amount of white-surface discoloration in minimally processed carrots. The more surface

moisture on the carrots, the slower the development of white discoloration. In accordance
with Cisneros-Zevallos research (1995), to keep a fresh-like quality, moisture should not
be lost. However, too much surface moisture can lead to rapid spoilage ofthe product.

Because vegetables are, on the average, 94% water and generally have a neutral pH,they
are susceptible to microbial growth (Jay, 1992). Hildebrand (1989)discovered that
some bacterial isolates obtained from broccoli heads with a water soaked appearance were

fluorescent pseudomonads. These particular isolates were able to maintain a wetness on
the waxy surface ofthe broccoli. The particular strains ofthe pseudomonas were:
Pseudomonasfluorescerts(Pseudomonas marginalis) biovar II and IV. These particular
strains were capable of producing a biosurfactant-like chemical called viscosin. The
surfactant chemical allows the bacteria to spread decay especially during wet weather.
Viscosin, is extremely important when produce has contact with free moisture
(Hildebrand, 1989).

Because ofthe decay associated with moisture, centrifiiging is incorporated after
washing to reduce the amount ofsurface moisture in vegetables. Several researchers
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have studied the effects of drying vegetables to control the growth of microorganisms.

Singh (1994)studied the effect of predrying cauliflower, cabbage, and onion prior to
shipment on the microbial load. Although drying can have some beneficial effects for
controlling moisture, it can also reduce the quality ofthe product. Air drying plant tissue
is accompanied by structural changes such as cell shrinkage, cellular destruction, cracks
and case hardening (Stanley, 1991).

Moisture also plays an important role in the rate of respiration. The rate of
respiration decreases with reduced moisture in the plant tissue. In sweet potatoes and

seeds, the respiration rate is directly related to the percent of moisture (Kays, 1991).
Leaves experiencing water stress due to moisture loss or excess develop leaf desiccation.
In fleshy fioiits and vegetables the respiration rates are affected by substantial moisture loss

while a slight change in moisture adversely affects respiration in leaftissue (Kays, 1991).

Microbiology
There are two main areas associated with food microbiology; microbial spoilage

(shelf-life) and microbial safety. Because minimally processed fhiits and vegetables have
been cut, the water and nutrients leach out and contribute to the growth of
microorganisms on the surface ofthe product(Adams et al., 1989; Nguyen-the and Carlin,

1994). MPR filiits and vegetables should be fi^ee of pathogens, but Listeria

monocytogenes. Salmonella, and Shigella have all been found on lettuce and other
vegetables(Brackett, 1994). Steinbruegge et al.(1988), found that the pathogen, L.
monocytogenes, was able to survive and grow on minimally processed lettuce, and 9% of
11

tested head lettuce was positive for the pathogen. Similar to the Steinbreugge et al.(1988)
results, Beuchat and Brackett(1990)found that L. monocytogenes was capable of

growing on chopped lettuce in MAP. Although the L. monocytogenes was able to survive
and grow, Petran et al.(1988)found that L. monocytogenes was not found on head
lettuce purchased from a local retail market after enriching to increase the number of
orgainisms that were dectable.

The association between pathogens and lettuce presents defimte safety problems

for MAP. Spoilage microorganisms serve, in some cases, as indicators for unsafe food.
Spoilage microorganisms most commonly associated with vegetables are predominantly
(97.3%) Gram-negative rods(Pederson and Fisher, 1944). Bacteria, yeasts, and molds are

able to grow on vegetables, because vegetables have a higher water content and neutral

pH(Jay,1992). The consequence ofbacterial spoilage in vegetables can be soft rot, which
is primarily caused by Erwina carotovora and Pseudomonas spp. The Gram-negative
bacteria most commonly isolated from vegetables are Psuedomonas spp., Erwina spp.,

and Enterobacterace (Brackett, 1994). Other microflora such as Serratia,
Flavobacterium, Xanthomonas, Janthinbacterium, and Alcaligenes spp. have been
isolated from MPR fhiits and vegetables, but less frequently. Some common yeast

species that have been isolated are Cryptococcus, Pichia, Torulaspora, and Trichosporon.
Molds that have been identified with vegetables are Rhizopus, Cladosporium, Phoma,

Asperigillus, and Pencillium (King et al., 1991). Although molds have been found on
MPR products, the growth of molds may be inhibited by reducing the oxygen atmosphere

12

in MAP, since molds are strict aerobes. Unlike molds, yeast growth is unaflFected by MAP
(Babic et al., 1992; El-Goorani and Sommer, 1981).

The organisms that are the primary causes of soft rot in lettuce are Pseudomonas
cichorii and P. marginalis(Jay, 1992). These organisms break down pectins leaving a
rotten spot at the site oftheir invasion. Maxcy(1982)found that the juice from lettuce
can provide a favorable environment for the growth ofbacteria. In addition, the
predominant microorganisms foxmd in lettuce juice at iCC were Gram-negative
psychrotrophs. King et al.(1991)foimd that microbial populations differed with
variations in processing and packaging oflettuce. These researchers also found that

aerobic plate counts varied for lettuce depending upon the amount ofleaf removal and the
amount of soil contamination. The average aerobic counts for the outer leaves were found

to be log 6.06 cfti/g while the inner leaves were found to be log 3.62 cfti/g. Processed
lettuce yeilded higher microbial coimts than lettuce that was left intact in the head form.

They concluded that unprocessed lettuce tissue is less likely to be infected with microbial
growth than processed lettuce, because mechanical processing caused membrane leakage.
Appearance ofthe lettuce was not necessarily controlled by the amount of microbial

growth (King et al., 1991). Brocklehurst et al.(1987), concluded lettuce purchased from
retail outlets contain the following microorganisms: mesophilic microflora 10^ to 10^,

lactic acid bacteria 10' to 10^ cfu/g, coliforms 10' to 10^ cfu/g, and pectinolytic < 10^ to
10^ cfti/g. Controlling microbial growth in MPR/MAP products is accomphshed by

regulating the temperature of transport and storage. Additives also can used to mhibit
microbial spoilage, but processors are required to indicate presence on the package label.
13

Processing

When lettuce is cut during processing, microbial contamination can increase unless
the lettuce is rinsed with a chlorine dip, spin dried, and then packaged (King et al., 1991;

Lund,1992). Bolin and Huxsoll(1977) determined that the higher the microbial load, the

lower the quality score over time. They determined that the sharper the processing blade,
the higher the quality score over time. The reason for the higher quality score was due to

reduced physical damage to the lettuce. In a later study by Bolin and Huxsoll(1991),
reasearchers determined that centrifuging wet lettuce increased shelflife by removing
surface moisture and over-centrifiiging increased physical damage. This study failed to

show the optimal range for centrifuging or the shelf-life attained from their centrifuging
treatments. Because vegetable tissue is a living entity, it is susceptible to post-harvest

stress. When plant tissue is damaged during processing, the plant responds by increasing
metabolic activity to compensate and begins the healing process. When plant tissue begins
healing itself, it must consume stored carbohydrates.

Cisneros-Zevallos et al.(1995)determined that the white discoloration found in
minimally processed carrots was a response to wounding. The physical response to

wounding resulted in surface discoloration and possible activation of phenolic metabolism
In addition, the researchers also proposed that an increase production oflignin production

in carrots may happen. The use of carbohydrates in respiration causes loss of quality and
shelf-life. Processing also increases potential for microbial injury and activation of

enzymes. In lettuce, ethylene is produced as a result of post-harvest stress(Haard, 1995).
Once ethylene is formed, the production of other hormones is stimulated and the process
14

of death or senescence ofthe plant begins.

Many factors such as field handling, transportation methods, and general

processing contribute to tissue wounding. Mechanical wounding may induce a diverse
array of metabolic pathways and hence bring about changes in metabolism. These changes
include localized increase in respiration at the site ofinjury, stress ethylene production,
accumulation ofsecondary metabolites, and cellular disruption leading to

decompartmentalization ofenzymes and substrates(Rolle and Chism, 1987). The plant's

ability to respond to these stresses determines the quality ofthe final product(Romani,

1972). Boehm(1887)found that cutting potato tubers resulted in an abnormal rate of
carbon dioxide production. An increased respiration rate from wounding can result from
mechanical damage, microbial infection, or chemical sprays(Kays,1991).
Mechanical wounding can occur from harvesting, handling, or environmental

conditions. Once the plant tissue sustains a surface puncture or cut, the plant loses carbon
dioxide and nutritients from the intracellular space. Although loss of carbon dioxide

occurs due to diffusion, the plant increases its respiration rate which results in an increase

in carbon dioxide production. Uritani and Asahi(1980)found that there is a difference
between mechanically wounded and infected tissue. For both types ofinjuries, respiration
increases. Wounds created mechanically stimulate production offactors necessary for the

rebuilding ofthe plant. Conversly, microbially infected tissue increases its respiration rate

to form phytoalexins and increase cell death around the affected area. Coinciding with the
increase in respiration, carbohydrate catabolism and the pentose phosphate pathways are
stimulated. An additional factor involved in respiration is transpiration, or the loss of
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water. The plant's need to heal itself stimulates these pathways. With increased loss of
water and nutrients, the damaged tissue becomes more susceptible to predators such as
insects and microbial growth (Priepke, 1976). These microorganisms that attack plant
tissues release pectinolytic enzymes. As shown in Table 1, lettuce is composed of

approximately 2.09% carbohydrates. When cell tissue is damaged by handling and
processing, cellular disruption occurs and releases carbohydrates and some water. In
addition to the destruction ofthe cell integrity, phenolics are oxidized which causes tissue

browning(Schwinuner, 1972). Stanley(1991)discussed the role of cell membrane
integrity and how tissue wounding, dehydration, water, and senescence are related to the
quality offruit and vegetable tissue. During processing the complex tissue structure is
compromised.

An additional consequence oftissue wounding is the production ofethylene.
Although non-climacteric fruits and vegetables do not produce as much ethylene as

climacteric, they do produce ethylene when wounded (Rolle and Chism, 1987). The main
difference between climacteric and non-climacteric fruits and vegetables is their response

to ethylene. Climacteric fhiits have increased production of ethylene coinciding with
ripening. Conversely, non-climacteric fhiits and vegetables have some internal ethylene,
but the level does not change during development and ripening(Kays, 1991). Head

lettuce often develops a market disorder called brown staining. Brown staining mainly
occurs in small brown spots and occurs on the mid ribs ofthe lettuce (Lipton, 1961).

Rood (1956) discovered a direct relationship between the amount of ethylene lettuce is

exposed to and the degree of brown staining. In addition to brown staining, pink rib
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discoloration is also induced by the presence ofethylene (Lipton, 1961). Pink rib
discoloration is characterized by a pink discoloration found in the mid-ribs ofthe lettuce

(Lipton, 1961). Ke and Saltveit(1989a)found that mechanical wounding by cuts or
punctures caused ethylene production in crisphead lettuce. In addition, mechanical injury
increased production of chlorogenic acid, 3-5 dicaffeoyl quenic acid, and caflFeic acid.

These compounds were oxidized to brown pigments by polyphenol oxidase(PFO).
An additional result of mechanical wounding, is an increase in peroxidase activity
and cell wall lignification can occur. Kubo et al.(1990)found that the under an

atmosphere of60% CO2,20% O2, and 20%N,crisphead lettuce increased the production
ofethylene and respired at a faster rate. Kubo et al.(1990) determined that the respiration

response to CO2 might be controlled by CO2 acting on the production of ethylene. Ke and
Saltveit(1989b)found that in a 1.5% O2 atmosphere, ethylene production was inhibited
but the effect on ethylene production was not as significant when exposed to air.
Inhibition of ethylene in a reduced atmosphere environment indicates that a MAP is
beneficial for the keeping quality oflettuce.

The production of wound ethylene has been shown to affect the green color in

vegetative tissue. As little as 5 ppm ethylene can cause significant green color loss in
cabbage to fade over a one month period (Watada et al., 1990). In a similar study,
researchers found that when spinach was exposed to 10 ppm ethylene, the degradation of

chlorophyll increased (Yamauchi et al., 1987). Increases in respiration rate and wound

ethylene are economically important because ifthe respiration rate is high enough it will
deminish the shelf-life ofthe product.
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Enzymes

Once lettuce is processed, enzymes normally trapped within cellular boundaries
are released and interact with substrates, resulting in physiological disorders (Rolle and

Chism, 1987). Some ofthe ramifications ofenzymatic deterioration include off-flavor,
discoloration, and loss oftexture (Varoquaux and Wiley, 1994). OflF-flavors can result
from the oxidation of unsaturated fatty acids, by the enzyme lipoxygenase. Oxidation of

fatty acids results in the production ofaldehydes and ketones causing off-flavors and
odors(Hammer, 1993; Hildebrand, 1989). Although lettuce has less than 0.5% lipid, this
seemingly insignificant amount could be enough to be oxidized and result in off-flavors.
One ofthe major enzymatic problems associated with green leafy vegetable

products is enzymatic browning. The enzyme responsible for enzymatic browning is
known as polyphenol oxidase. Although it is present within the vegetable cell, it is also

present in some bacteria such as Erwinia carotovora and fungi. This enzyme can catalyze
several reactions that include phenolic compounds and oxidizes them to form o-quinones.

The o-quinones polymerize to form dark brown polymers(Sapers and Hicks, 1989).

Although the exact function of polyphenol oxidase is unknown, some hypothesize that it
serves a protective role, in that, the quinones that are formed inhibit the spread ofinfection
(Hammer, 1993). The reduction of moisture can alter enzymatic activity, some enzymes

are still active despite lowered moisture levels(Schwimmer, 1980). Enzymatic activity

might not be altered, but reduction ofthe amount ofsurface moisture inhibits the diffusion
of solutes and slows the chance ofinteraction between solute and enzyme (Parkin, 1993).
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Textural loss in lettuce can result from loss of water or enzymatic break-down of

the cell wall. Pectic enzymes which include pectate lyase, polygalacturonase, and pectin
esterase are present in plant tissues and are found in several fungi and bacteria such as
Erwinia diVidi Pseudomonas

(Pilnik and Voragen, 1993). Removing surface moisture

as well as microorganisms capable of breaking down the plant cellular wall can result in a
higher quality product with a longer shelf-life.

Sensory

Appearance is the main sensory attribute offhiit and vegetables that can be judged
at the store level (Kadar, 1992; Kays, 1991). Several factors such as size, shape, color,
freshness, and the absence of blemishes play a major role in the way a product appears to
the consumer. All ofthese factors are responsible for the acceptability level of produce.
Other factors such as texture, flavor, and nutritional value are responsible for consumer

acceptance, but appearance is the initial sensory clue and is by far the most important
(Kays, 1991). An argument can be made for the fact that color is perhaps the most
important sensory attribute. Because no one can argue that if a food material is not the

right color, all other attributes fall by the wayside, since it will never enter the mouth.
When this happens, both nutritional and safety aspects may be disregarded (Clydesdale,
1978). Because the consumer is the ultimate judge, researchers have sought ways to
compare research findings to the opinions of consumers. Kadar(1973) designed
numerical rating scales with descriptors for grade inspectors to evaluate lettuce firmness,

visual quality, butt discoloration, wilting, and other defects. Similarly, Krahn(1977) used
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a similar numerical scale technique to judge cut lettuce over a storage period of one week.
Swanson et al. (1995)used a consumer panel to evaluate willingness to purchase different
cultivars oflettuce. The results ofthe study showed that crisphead lettuce was the

preferred lettuce cultivar, with butterhead and curlyleaf being the least likely to be
purchased.

The use of human subjects is beneficial for some sensory information such as

willingness to purchase, however color is especially difficult because human subjects are

subjective. What one person defines as a certain color is not necessarily the same color to
another. In order to measure treatment differences or changes over time, a color system is

necessary. Color systems such as the Hunter, Munsell, or the CIE color scale system have
all been used for scientific research (Clysdesdale, 1978). The Hunter L,a,b color scale is

used in industry as well as for research because ofits; visual uniformity(good conformity
to the visually uniform Munsell system), visually meaningful terms(redness-greenness and

yellowness-blueness), and most importantly, the scale was available on a simple direct
read-out photoelectric colorimeter (Bums, 1981).

With regard to the Hunter system,"L" which is a measure oflightness/darkness
(where L = 100 is white and L = 0 is black), the "a" value scale is a measure of
redness/greenness(negative = green, positive = red), and the "b" value scale is a measure

of yellowness/blueness (negative = blue, positive = yellow)(Bums, 1981). Although the
Hunter L, a, b values are indicators of color, hue angle tan"'(b/a) is used to convert the
colorimetric numbers to a value that is closer to that ofthe human perception (Little,

1975). Gnanasekharan et al.(1992) used the Hunter L, a, b system to detect surface color
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changes in green vegetables. These researchers found that color changes could be
measured with the use ofa colorimetric system and hue angle could be used to predict
sensory perception ofgreen color. Castaner et al.(1996) used a Minolta Chroma meter,
CR-300 to analyze the effects of various antioxidants on the butt discoloration of head
lettuce, and determined that the most effective treatment for inhibiting butt discoloration
was a 50 mL/L acetic acid solution.
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Chapter 3
Materials and Methods

Lettuce Preparation

Iceberg lettuce(Lactuca sativa) was purchased in case quantities at a local
vsdiolesale market. The cases were transported to the Department ofFood Science and

Technology pilot plant and held at S^C until processed. The steps required for the

processing oflettuce are illustrated in Figure 1. The lettuce was prepared by removing the
core and outer leaves. The lettuce was then cut with a sharp kitchen knife into pieces, 4

cm by 4 cm, and placed in an ice cooled water bath at 4''C.

Inoculation of lettuce

Preliminary research revealed that the microhial coimts on cut lettuce after
removal ofthe outer leaves, washing and packaging were less than log 2 cfu/g. Once

samples were subjected to the treatments, microhial count differences could not be
determined due to low initial counts. To circumvent this problem, the lettuce was

inoculated. The inoculum was prepared by removing the outer lettuce leaves of a head of
lettuce and chopping the leaves to release the lettuce juice. The chopped leaves were

placed in a plastic bag that was loosely tied, and then incubated at 10 "C. The purpose of
these storage conditions was to select for psychrotrophic organisms. Once the lettuce was

visibly spoiled, the leaves were mixed with 100 mL of tripticase soy broth(TSB)
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Figure 1. Flow diagram for experimental procedure
23

t

Color

(Unipath-Oxoid, USA). This broth was placed in 10°C storage and microorganisms were
grown for two days. After two days, a loopful ofTSB was removed fi-om the leaf broth
and inoculated into 10 mL ofthe TSB and stored at 10°C. The culture was transferred

every two days until it was ready for use. The number of organisms in the broth was
determined, with inoculum level based on the microbial count. A sterile TSA slant was
inoculated fi"om the original leaf broth for inoculation oflater replications ofthe
experiment.

A dominant organism was determined to insure a Psuedomonas species was

present in the irmculum. Determination ofthe organism was performed through the use of
a Grram stain. This organism was determined by streaking the lettuce culture onto a TSA

plate, incubating the plate at 30°C for 24 h, and isolating dominant colony. The dominant
colony was streaked onto a separate TSA plate an grown at 30°C for 24 h. An isolated
colony was removed and an API™ strip was innocuated. The API™ strip was incubated
at 30°C for 24 h and the reactions were read.

One mL ofthe inoculum was removed from the 3 d culture and thoroughly mixed

with 99 mL of0.1% peptone water. The inoculum was diluted as needed such that
inoculated lettuce would contain approximately a 5 x 10' cfli/g. The inoculum mixture
(100 mL)was poured over 4500g ofchopped lettuce in a large plastic bag and gently

agitated. Three 100 mL inocula were prepared so that the processing steps could be
performed in triplicate to insure the inoculated lettuce did not warm to room temperature
while waiting for a treatment. The treatments were randomly assigned and ordered so that
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as soon as the lettuce was inoculated it was dried. Two more 4500 g lots of chopped
lettuce were inoculated and dried.

Removal of moisture

Removal of moisture was accomplished by centrifiigation or by tunnel drying at
25°C. In addition to the treatments for the removal of moisture, a control treatment

which was not dried, was used to determine the effect of no surface water removal.

Centrifugation oflettuce was performed with a standard home washing macWne
which was modified to a dual speed centrifuge. The centrifugation basin was 30.5 cm in

depth and 50.8 cm in diameter. The tub has openings 0.5 mm in diameter with 25

openings per 10 cm^(Figure A-1, Appendix). Inoculated lettuce was removed from the

bag and 1700 g were placed into the centrifuge. The centrifugation treatments were 1 min
at 325 rpm (30.0 G force), 15 or 30 min at 490 rpm (71.3 G force).
Tunnel drying ofthe inoculated lettuce was accomplished by placing lettuce in a

single layer on a stainless steel grid belt. The air flow 0.35 m/sec(25°C)was distributed
equally from above and below the belt onto both sides ofthe lettuce pieces. Air flow was
distributed from 3 sets of2 vertical air holes which were 5mm in diameter and each set of
holes was 10.2 cm from the next set. The lettuce was exposed to the air flow for 5,10, or
15 min.

Control lettuce was removed from the inoculated lettuce bag, weighed, and placed

directly into storage bags.
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Packaging and storage of lettuce
Lettuce from each treatment(3 centrifiigation, 3 tunnel dry, and 1 control) was

removed and 100 g placed into a 23cm x 23 cm LDX 4520 polyethylene produce bags
from Cryovac North America(Duncan, SC). The bags have an oxygen transmission rate
of3500 cc/ mV 24 hours at 0% RH and 1 atm (Williams, 1996). The bags oflettuce were
then heat sealed with a Koch vacuum sealer(Kansas City, MO). The packages were

subjected to a 94% vacuum, gas flushed with 50% air, and sealed for 1 sec, 8 cm from the
top ofthe bag.

At least six bags from each treatment were filled and coded for the treatment, (0,
4, 8, 12, or 16)days of storage, and color evaluation. Extra bags for each treatment were

filled to replace any improperly sealed bags oflettuce. The bags oflettuce were then
placed in storage at 4°C ± 1°C . Individual bags oflettuce were removed for gas,
microbial, and moisture analyses on day 0, 4, 8, 12, 16 for each ofthe 7 treatments. For

each treatment, one sample bag was reserved and coded for color analysis. At each

sampling period, the bags coded for color measurement were removed from storage and
analyzed for Hunter L*, a*, and b* values and the bags were then returned to storage at 4
to 5°C.

Moisture Analysis

Approximately 25 g oflettuce was removed from each bag and blended for 2 min.
Approximately 2-3 g ofthe blended lettuce san:q)le was placed into aluminum pans and
dried for 24h under 22 atm at 70°C. The moisture content was calculated as a percentage
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based upon initial and final sample weights. This was a modified version ofAOAC
procedure 934.01(AOAC, 1990).

Color Analysis

Colorimeteric analysis was performed with a Minolta CM 508d tristimuhxs color
analyzer(Ramsey, NJ). The color values were recorded as Hunter L* a* b*, where L* =
light/dark, a* = green/red and b*= yellow/bhie. Each treatment bag was removed fi"om
storage on days 0, 4, 8, 12, and 16. Before measurements were taken, the Minolta was
calibrated against space to account for stray light and with a Minolta CM-A70 white
calibration tile(Ramsey, NJ). The light source used was illuminant C, candescent and the

object was viewed at 10° fi'om the source. The Minolta was set on the SCE setting to
account for the glossy package surface. The color results were recorded and the Hue

angle: tan"'(b/a) and total change in color(aE): [(L -

+(a -a„)^ +(b -bo)^]"^,(Lq =

day 0 lightness/darkness and L = day measured hghtness/darkness, ao == day 0
redness/greenness and a = day measured redness/greenness, and bo= day 0

yellowness/blueness and b= day measured yellownessA)lueness) were calculated. To
accoimt for color variation in the lettuce, each bag was measured 7 times at different
locations and the L*, a*, and b* values were averaged for the calculated aE.
(Gnanasekharan et al, 1992).
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Microbial Analysis

The samples for microbial analysis were performed as follows: a 25 gram sample
was removed from the sample bag and diluted with 225 grams of sterile 0.1% peptone
water and stomached in a Seward model 400 stomacher(Tekmar, Cincnmati, OH)for 2

m Serial dilutions were made in 0.1% peptone water and surfrce plated in quadrupUcate

onto Tryticase Soya Agar(TSA)(Unipath-Oxoid, USA). One set ofTSA plates were
incubated for 24 h at 30°C to obtain the aerobic plate count(APC)of the sanqiles. The

second set ofplates were stored at 7'C for 4 d to obtain the psychrotrophic(PSY)counts
ofthe samples All microbial coimts were expressed as logjo cfu/g.

Gas Analysis

Gas analysis was performed using a Hewlett Packard 5890A gas chromatograph

(Hewlett Packard, Willimington, DE). The column that was used for the separation of

gases was an Altech, CTR column (Alltech, Deerfield, IL). Column tenq)erature used for
analysis was 25°C and detector temperatiue was 30°C. Gas analysis was performed on
days 0,4, 8, 12, and 16. Headspace gas was acquired by using a 25 //L syringe. Ifthe
seal's integrity was broken, an extra bag was used to measure the bag atmosphere.

Following gas analysis, the package contents were then subjected to microbial and
moisture analyses.
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Sensory

The lettuce for the sensory panel was processed and packaged 1, 4, and 8 days

prior to the sensory panel. For each day treatment, a case of crisphead lettuce was

purchased from a local market, trimmed, cut, and rinsed. The lettuce then was inoculated
with 6xl0*cfu/g lettuce spoilage organisms. The spoilage organisms were cultured by
the same method stated previously.

Based on the laboratory findings, the following treatments were chosen, tunnel dry

for 15 min, spin dry for 15 min, spin dry for 30 min, and the control. Days 0, 4, and 8
were chosen based on the marketability ofthe lettuce.

A randomly selected, untrdned panel, was selected for a consumer panel. The

consumer panel, an affective test, was used for a rough product screening, to determine
the effectiveness of drying treatments(IFT, 1981). Panelists were asked to view the
lettuce and determine ifthey would purchase the lettuce (scoresheet. Appendix). A total

of52 panelists were used and each panelist viewed the 12 treatment bags(4 drying
treatments and 3 storage times) oflettuce, coded with 3 digit random codes. Panelists sat
in individual booths under fluorescent light and viewed the 12 samples in a random order.

The lettuce samples were stored in large bins filled with ice and lined with a trash bag to

ensure samples were maintained at a cold temperature between sample presentations. The

sensory results were evaluated based on percentages ofthose who would purchase the
product in lieu of statistical analysis.
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Statistical Analysis

Two statistical designs were used because ofthe manner in which the data was
collected. The first statistical design (gas, moistiue, and microbial counts)was a

randomized block design with a spht plot treatment arrangement. The blocks were on the
lettuce purchased for each repUcation to accoimt for variation ofinitial lettuce quality.
The lettuce purchased for the week was trimmed, cored, and cut into a homogeneous lot.
The treatment order was randomly assigned through the use ofa random niimber table and

the ejqjeriment was repUcated three times. A total ofseven treatments were studied in
combination with five storage days for a total of35 treatment * day combinations.

The second statistical design (color data) was a randomized block design with a

repeated measures treatment arrangement. Like the gas, microbial and moisture data, the
blocks were on the lettuce pmchased for each rephcation. All data were analyzed with

Proc Mixed(SAS, 1989). For the moisture, microbial, and gas data a significance level of
P<0.05 was chosen. Because ofthe wide variation ofcolor in crisphead lettuce a

treatment significance level ofP<0.1 was chosen for the L*, a*, b*. Hue angle, andAE

means(SAS, 1989). There was no statistical analysis performed on the sensory data, due
to the presentation ofthe information to the paneUsts.
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Chapter 4
Results and Discussion

Moisture

Like the e?q)eriinent by Bolin and HuxsoU(1991), this experiment revealed
approxiniately a 0.8% moisture loss in rinsed lettuce when using the tmmel drying for 15
min (T15). This seemingly small moisture difference can be attributed to the loss of
surfece moisture. In general, there was a relationship between the length oftime the
lettuce was exposed to air in the tmmel and the reduction of moisture. This trend is

evidenced by the significant decrease in moisture for all tmmel drying treatments over
time of drying (Figure 2)(P<0.05). A decrease in moistme was observed with longer
tunnel drying treatments however, tmmel drying for 5 min(T05)was not statistically
different than the control(P>0.05), Table 2. Although the T05 was not long enough to
remove an adequate amount of moisture, the remaining treatments were all different from

the control(P<0.05). The most effective tunnel drying treatment was 15 min(T15)
treatment(P<0.05).

Figure 3 illustrates the effect of spin drying on the percent moisture in lettuce.
Like tmmel drying, spin drying was an effective means of moistme removal. A
relationship was shown between the length ofthe spin drying treatment and the removal of
surface moistme. This is illustrated by the decrease in moistme due to drying, shown
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Figure 2. Percent moisture removed by tunnel drying for 0, 5, 10
and 15 minutes with 25°C air.
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Figure 3. Percent moisture removed by qjin drying for 0,1,15,
and 30 minutes.
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Table 2- Percent moisture LSmeans ofthe tunnel, spin, and control treatments"
Treatment^

Moisture(%)

T05

96.1

ab==

TIO

95.8

bed

T15

95.4

e

COO

96.3

a

SOl

96.0

be

S15

95.8

cd

S30

95.5

de

'TSf=30.

Treatment symbols: T= tunnel drying, C = control, S= spin drying, numbers indicate
length oftime in minutes.
^eans followed by like letters are not statistically different(P>0.05).

in Figure 3. Illustrated in Table 2, moisture removal via spin drying was equally as
effective as tunnel drying (P>0.05). A moisture difference was found between the S30
and SOl treatments(P<0.05), but the S15 treatment was not different from the SOl or
S30 treatments(P>0.05).

Overall, the most effective moisture removal techniques were T15 and S30
treatments as illustrated in Table 2(P<0.05). The S30 treatment, was not statistically
different from the TIO and S15 treatments(P>0.05).
Because ofthe lack of moisture difference between the S30 and the S15

treatments, there is a possibihty of using a shorter centrifuge time and achieving the same
moisture level effect. The main difference between the spin drying and the tunnel drying

can be attributed to the way the actual moistiue removal was accon:q)hshed. When lettuce

was centrifixged, surface moisture was removed via a centrifugal motion. Because ofthe
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nature ofthe lettuce leaf and the way a centrifuge works,there is a possibility oftrapping
moisture in the pockets ofthe lettuce leaves. This entrapment theory was addressed by
Bolin and Huxsoll(1991). An alternative to removing moisture trapped in the leaf

pockets is air drying. Moisture is removed by evaporation with this method. Therefore, a
combination ofthe two treatments, spin drying and tunnel drying, might be an effective
solution.

The purpose ofthe tunnel drying treatments was to determine if tunnel drying
was an effective means ofmoisture removal in heu ofspin drying. Bolin and Huxsoll's

(1991)work revealed that centrifuging lettuce for various times at 2000 rpm resuhed in
desiccation ofthe lettuce, but increased storage-life. Because ofthe possible tissue

damage associated with centrifuging, tunnel drying was considered an altemative for
removal of moisture and increasing the shelflife. These researchers mentioned that

moisture removal by blotting or forced air did not seem practical (Bolin and HuxsoU,

1991). Contrary to their conclusion, the removal of moisture with room temperature air
(25"C)was found to be equally as effective as spin drying, which is the method currently
used in the industry(P>0.05).

Tunnel drying with a larger volume of air, distributed equally from the top and the
bottom can be a feasible altemative to spin drying for the removal of moisture. A slight

agitation to accompany the flow of air could enhance the speed ofthe system. An obvious
altemative for the removal ofsurface moisture would be with the use ofheated air. The

plant cell waU is built to retain moisture and keep the stmcture ofthe plant (Stanley,
1991). The high cellulose content and the rigid stmctme prevents moisture loss. The plant
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structure could be preserved ifthe product was e?q)osed to heated air for a short period of
time. However, a long period oftime with heated air exposure would have a wilting effect
on the lettuce. Robinson et al.(1975)reported that the maximum acceptable moisture

loss in lettuce ranged from 3-5%. Once a plant product such as lettuce is exposed to
prolonged moisture loss, the crispness or fresh look is lost in the wilting process. The
removal of moisture by a tunnel drying system such as the one used in this experiment,

worked on the basis ofevaporation. Although timnel drying was an effective means of
surface moisture removal, other factors such as the effectiveness for the removal of

microorganisms, preserving the color, and the shelf-life are in^jortant for this type of
system to be acceptable in an industry setting.

As shown in Figure 4, there was a significant increase in moisture averaged over
all moisture removal treatments over the 16-d storage period (P<0.05). An average of

0.4% moisture was produced over the 16-d storage period. Although this amount of
moisture is seemingly insignificant^ the excess water which appears on the surface ofthe
product and pools in the bag could determine if a consumer would purchase the product.

The average increase in moistme can be attributed to an increase in respiration as the plant

ages. When a plant respires, carbohydrates are converted for energy to carbon dioxide
and water. Therefore, a 25 g sample of plant tissue consisting of mainly water and

carbohydrates on day 0, was converted to more water and less carbohydrates over the 16d storage period.
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Figure 4. Percent moisture increase averaged over all treatments
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Transpiration or the loss of water is rapid in leafy vegetable such as lettuce and celery
(Hardenburg et al., 1986). Beaudry et al.(1985) discovered that as the water content in
pecans increases, there is an increase in respiration. Although the lettuce tissue is not
composed of the same type ofcells as the pecan tissue, a possible relationship between
water content and respiration is possible. The accumulation of water on the surfece can

stress the plant, because the surface water increases the chance ofpathogen invasion and

impairs gas difiusion(Kays, 1991). All ofthe samples increased in total moisture over the
16-d storage period, but the initial surface moisture removal facilitated the reduction of
overall moisture, as shown in Figures 2 and 3. The higher moisture samples, such as the
control and the T05, had a faster rate of moisture gain than the TIO and the T15 samples.

A similar trend was observed with the spin dry samples, since the drier san^les had a

slower rate of moisture gain. An additional possibihty for an increase in moisture can be
attributed to the prevention ofgas transmission across the lettuce tissue, causing an
increase in senescence which also is associated with an increase in respiration (Kays,
1991).

Microbial Counts

Initially microbial levels ofthe packaged lettuce were not high enough to be
detected, therefore, a high level ofinoculation was used to accelerated the rate of
deterioration ofthe lettuce. The predominant organism identified in the inoculum was

Pseudomonas putida. The microbial populations studied were the aerobic plate counts

(APC)and the psychrotrophic coimts(PSY). The APC counts were used to enumerate
38

the total number of aerobic microflora capable ofgrowing at SO^C on the lettuce samples.

The psychrotrophic counts were used to enumerate the total number of aerobic microflora

capable ofgrowing at 7°C. Because an inoculation level of 5.6 x 10'cfu/g, which
consisted ofspoilage microflora fi"om lettuce stored at iCC,the organisms were aerobic
and are capable of psychotrophic temperatures. As shown in Table 3, the APC LSmeans
for each are the same as the PSY LSmeans for the treatments. A strong relationship
between the APC and the PSY coimts was statistically significant, as evidenced by a r =
.996 correlation coeflBent(P<0.05).

Table 3-Microbial LSmeans ofaerobic(APC)and psychrotrophic(PSY)coimts ofthe
Treatment"'

LSmean PSV

LSmean APC^

T05

7.57

a^

7.61

a'

TIO

7.51

ab

7.58

ab

T15

7.40

ab

7.49

ab

COO

7.66

a

7.71

a

SOl

7.36

be

7.39

be

S15

7.18

cd

7.26

cd

S30

7.07

d

7.11

d

^=30.

"Treatment symbols; T= tunnel drying, C = control, S= spin drying, numbers indicate
length oftime in minutes.

''PSY= psychrotrophic plate counts incubated at 7®C for 4d, reported as log,o.
''APC = Aerobic plate counts incubated at 30°C for 24h, reported as log,o.
^eans within columns followed by like letters are not statistically different(P>0.05).

The APC's were sUghtly higher than the PSY counts. This may be attributed to
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the colder temperature ofthe psychrotrophic counts, which is more selective than the

30°C temperature used for enumerating the aerobic count. Figures 5 and 6 illustrates the
effect oftimnel drying on the microbial load over a 16-d storage period. Between days 0
and 4, the most rapid growth is apparent for both the APC and the PSY. Growth rate was

not affected by the method or the length of moisture removal as indicated by the slope of
the growth curves. After 8 d ofstorage, the microbial counts reached a stationary phase at

approximately logio 8 cfti/g. As shown in Table 3, there was no differences among the
T05, TIO, T15, and COO treatments(P>0.05). Tunnel drying was ineffective for microbial
removal despite the fact it is was capable ofremoving moisture. Illustrated in Table 2,
T15 yielded the lowest percent moisture(95.4%), but this treatment was ineffective at
reducing the microbial. It was no more effective for microbial reduction than the TIO,

T05, COO, or SOl treatments(P>0.05). This could be due to the resuh ofthe method used
to remove the moisture. As stated previously, tunnel drying removes water by

evaporation, therefore leaving the microorganisms. The microorganisms also were not
affected by temperature since the air flow was at 25°C.

Like the tunnel dried samples, the reduction in moisture by spin drying did not alter
the rate of microbial growth. However, ofthe spin dried treatments had a lower
microbial count than the control, COO (P<0.05). The lower microbial load for the S30

treatment compared to the SOl treatment(P<0.05)illustrates that longer spin drying is
related to increased reduction of microorganisms. A statistically significant difference was

not foimd between the SI5 and the S30 drying treatments(P>0.05). This suggests that

increasing moisture removal does not accomplish a linear rate of microbial reduction.
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Figure 5. The effect oftunnel drying for 0,5,10 and 15 minutes
on aerobic microbial growth over a 16-d storage period at 30°C.
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Figure 6. The effect oftunnel diying for 0,5,10, and 15 minutes on
the psychrotrophic microbial growth over a 16- d period at 7°C.
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The S15 and S30 treatments were less than the control by approximately a 0.5 log,o cfu/g.

A 0.5 logio cfii/g difference would not make much difference ifthe organisms were

pathogenic, but a 0.5 log,o reduction in spoilage flora could make a difference in shelf-life.
Because ofthe high correlation between the APC and PSY counts, the means are almost
identical. The treatment effects were consistent for both the APC and the PSY coimts.

When water is evaporated offthe surface, the microorganisms and carbohydrates
are left on the surface, however physically removing water by spin drying also spins off

organisms with the water phase. This phenomena is evident in Figures 7 and 8. The
longer the lettuce was spin dry, the greater the microbial reduction. The mitial microbial
reduction is most important for removal of microorganism, since the moistiue removal
treatments did not effect growth rate for either APC and PSY counts.

Although there were differences in microbial coimts, after 16-d ofstorage, the only
treatment that differed from the control, T05, and TIO treatments was S30 treatment

(P<0.05). However, after 16 d ofstorage, the S30 treatment was not different from the
T15 or the S15(P>0.05). The absence of difference after 16 d of storage can be
attributed to the microorganisms reaching a stationary rate of growth.

Color

Although treatment differences were ofinterest for the measurement of color, the
effectiveness ofthe color measurement procedure was also ofinterest. The effectiveness

ofnondestructrvely measuring produce changes is especially unportant for processors,
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Figure 7. The effect ofspin drying for 0,1,15 and 30 minutes on
the aerobic microbial growth over a 16-d storage period at 30° C.
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Figure 8. The effect ofspin drying for 0,1,15, and 30 minutes on
psychrotrophic growth over a 16-d storage period at 7°C.
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who want to monitor quality without having to destroy product. The effect of moisture
content on color stability was evident with color measurements such as L* and a*, and
calculated values, hue angle and aE.

As shown in Table A-1 Appendix, the LSmean L* values over the 16-d storage

period were not statistically different (P>0.1). Crisphead lettuce naturally has little
pigmentation except for the outer leaves. The crisphead lettuce consists largely of white
leaves and some yellow inner leaves(Lipton and Ryder, 1989). The lack of difference in
the L* values over the 16-d storage period, can be attributed to two factors that occur

simultaneously, the loss ofchlorophyll (lightening ofthe lettuce) and browning.
Therefore, the total change in the "L*" value over time was possibly masked by the equal
loss of chlorophyll and simultaneous browning. Unlike the changes over time, there were
differences in L* values between the drying treatments (P>0.1). As shown in Table 4, the
control(COO)and T05 treatments were darker than the SOl, S15, and S30 treatments

(P<0.1). The T15 treatment was not different than the control COO, TIO, SOl, and S30
treatments(P>0.1).

The a* values, which are indications of color changes from green to less green,
were one ofthe largest indicators of the changes in lettuce quality over the 16-d storage
period (P<0.1). As shown in Table A-2, Appendix, all a* values increased over the

storage period. The TIO treatment was the only tunnel dried treatment that remained

greener than the control (P<0.1). The T05 and T15 treatments were ineffective for
prevention ofloss of greenness, as they were not different from the control (P>0.1).
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Table 4- LSmean values ofL* values"
Treatments*
T05

60.5

a*

TIO

62.2

be

T15

61.8

ab

COO

59.9

a

SOl

62.6

be

S15

63.9

c

S30

63.4

be

"7^1=15.

*Treatment symbols: T= tunnel drying, C = control, S= spin drying, numbers indicate
length oftime in minutes.
yL= 100, white; L= 0, black.

^eans followed by like letters are not statistically diflFerent (P>0.1).

The only spin drying treatment that was diflFerent from the control was the S30 treatment
(P<0.1). However,the S30 treatment was not diflFerent than the S15 or SOl treatments as
shown in Table 5 (P>0.1).

Over the 16-d storage period, there was no statistical diflFerence between each

day's b* values(Table A-3, Appendix)(P>0.1). In addition, there was no statistical
diflFerence in the amount of yellowness between treatments(P>0.1) The lack of

diflFerentiation revealed by the b* values can be attributed to what the b* value measures.
The b"" is a measure ofthe yellowness and blueness in each sample. Although there are
some fluctuations in b* values, the information provided by the b* values is not

informative as the measure of change in color ofthe lettuce. The changes associated with
lettuce are primarily loss of greenness and browning.
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Table 5- LSmeans ofa* values'"
Treatment"

a*''

T05

-2.25

a^

TIO

-4.19

d

T15

-3.47

bed

COO

-2.51

ab

SOl

-3.14

abed

S15

-2.81

abc

S30

-3.72

cd

"N=15.

"Treatment symbols; T= tunnel drying, C = control, S= spin drying, numbers indicate
length oftime in minutes.
Positive a = red; Negative a = green.

^eans followed by like letters are not statistically dififerent (P>0,1).

The hue angle, a calculated value ofthe tan"' b/a, is the best indication ofthe
amount ofbrowning that occurred in different treatments over the 16-d storage period.
Hue angle is a better indication of color change because it is closer to what the hiunan eye

views. Illustrated in Figures 9 and 10, the change in color over the 16-d storage period is
evident by the change in the hue angle (P<0.1). The decreasing angle over the 16-d

storage period is due to the browning ofthe lettuce, which is probably the result of the
enzyme, polyphenol oxidase. A ICQ® angle is known as green/yellow in the Munsell color
system As the angle decreases to 90®, the color changes to yellow. In addition to the
color change over the 16-d storage period, there was also a significant difference between
treatments(P<0.1). As shown in Table 6, COO and T05 samples oflettuce became more
yellow than TIO, T15, and S30(P<0.1).
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Figure 9. The effect oftunnel drying for 0,5,10, and 15 minutes
with 25°C air on hue angle oflettuce over a 16-d storage period
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Figure 10. The effect of spin drying for 0,1, 15, and 30 minutes on
the hue angle oflettuce over a 16-d storage period.
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Table 6- LSmeans ofhue angles"

Treatments*

Hue angles

T05

95.1

a^

TIO

100.4

b

T15

99.7

b

COO

95.1

a

SOl

97.6

ab

S15

97.5

ab

S30

99.9

b

"N=15.

*Treatment symbols: T= tunnel drying, C = control, S= spin drying, numbers indicate
length oftime in minutes.
'Hue angle 100° = green/yellow, 90° = yellow.
^eans followed by like letters are not statistically different(P>0.1).

Although the S30, TIO, and T15 had the highest hue angles they were not different
than the SOl and S15 treatments(P>0.1). The aE values also were indicative ofthe color

change over the 16-d storage period as well as the difference between the treatments. The
aE is a calculated value based on the total change in color. Since the aE and hue angles
are both calculated values, they are a better tool for understanding the change in color .

Results are not biased when a package contains more green or hght pieces. As shown in
Figure 11 and 12, the change in color is evident after 4 d ofstorage. There was a

significant difference in total color change over the 16-d storage period as well as
differences between treatments(P<0.1). The TIO and T15 treatments had less change

than the control(COO)over the storage period (P<0.1). In addition, the TIO and T15
treatments were equally as effective for reducing the amount ofcolor change as the S30
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Figure 11. The effect of tunnel drying for 0, 5, 10, and 15 minutes with
25°C air on the total change in color over a 16-d storage period
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Figure 12. The effect ofspin drying for 0, 1, 15, and 30 minutes on
the total color change over the 16-d storage period
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treatment (P>0.1). The T05 treatment like the control, had the largest amount of change
over the storage period (P>0.1). Like the hue angle, the aE illustrated that the T05 was

consistently equal to the control(P>0.1). Not only was the T05 equal to the control in all
ofthe indications ofcolor, it also was statistically equivalent for the amount of moisture
and the level of microorganisms(P>0.1).

As shown in Table 7,the most effective spin drying treatment was S30 (P<0.1).

Like the hue angle, aE value consistently showed the S30 treatments had the lowest

amount ofchange over the 16-d storage period. Although the S30 treatment was effective
for preserving color, it was not statistically different from the TIO or the T15 treatments

(P>0.1). Because this study used an inoculate, the rapid aE increase and the decrease in
hue angle over the 16-d storage period could be attributed to the high level of
microorganisms. The microorganisms which are capable of degrading the cell wall liberate
nnmpoiinds that contribute to the browning. The removal of moisture could mhibit
browning by reduction offree moisture which reduces the frequency ofsubstrate/enzyme
interaction (Schwimmer, 1980).

Measurement of color through the packaging was an effective and nondestructive

method of evaluating overall quality. The seven measurements per bag were used because
ofthe high degree ofvariation in color between pieces oflettuce. The increase in the a*
values over time is indicates that the method used to measure the change in produce is

accurate. Based on the results ofthis experiment, the L* and a* values were more skewed

by individual outliers, or drastic contrasts in the lettuce color. Calculated values(hue
angle and the aE), were easier to interpret because ofthe similarity to human perception.
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Table 7- LSmeans ofaE values"
Treatment*

aE

T05

8.21

a*

TIO

5.51

be

T15

5.26

be

COO

7.53

a

SOl

6.26

ab

S15

6.62

ab

S30

4.43

c

"N=15

*Treatment symbols: T= tunnel drying, C = control, S= spin drying, numbers indicate
length oftime in minutes.
''aE= average total change in color over 16-d storage period.
^eans followed by like letters are not statistically different (P>0.1).

Although the removal of microorganisms could affect the rate of deterioration and
help to preserve the overall quahty, a 0.5 log,o difference in microbial growth did not

affect the color ofthe lettuce. For example, the S30 treatment which was approximately
0.5 logio lower than the control and all tunnel dried treatments, but was equivalent in the
hue angle and the aE values(P>0.1). The S30 treatment had one ofthe lowest moisture
percentages, but it had the same level of moisture and greenness as the TIO treatment
(P>0.1). The results ofthe color study found that tunnel drying is equally as effective for
preserving color, as spin drying (P>0.1).
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Sensory
As shown in Table 8, after one day of storage the majority of the panehst would
pmchase the lettuce regardless the treatment. The majority ofthe decisions were based on
the color ofthe lettuce. Based on the color, paneUsts said the lettuce appeared "firesh".
Although the moisture removal treatment did not prevent the majority ofpanehsts from
not pmchasing the day old lettuce, 10% ofthe panehsts would not pmchase the control

lettuce because it "looks wet". The remaining 7% ofpanehsts that would not purchase the
lettuce based on the texture ofthe lettuce pieces or the color. Ofthe 83% ofthe panehsts
that would purchase the day-old control(COO)lettuce, 20% were concemed with the

amount of moisture in the bag, but would purchase the lettuce despite high surface water.
The T15 treatment had a shghtly lower percentage ofpmchasers, however 15% ofthose
who would not purchase this lettuce said that the lettuce was too pale or the bag had "too
many hard pieces" inside the package. The S15 and S30 treatments were accepted by
almost ah ofthe panelists, with a few panelists not purchasing the lettuce because of
texture or a pale color.
After 4 days ofstorage, the majority of consumers said they would not purchase

any ofthe packaged lettuce samples. Ofthe four treatments, the control was deemed the
least desirable as shown by the 85% ofthe panehsts that would not purchase the product.
Ah 85% ofthe panehsts would not pmchase the control because the lettuce was "starting
to brown" and because of "discoloration". In addition, 33% ofthe panehsts would not

purchase the control because of"wetness" and "slimming". Although the majority ofthe
panehsts would not purchase the control after 4 d ofstorage, 15% said they would
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Table 8. Percent responses to the control, spin drying for 15 and 30 min, and tunnel drying
for 15 min packaged lettuce"
Yes

No(%)

Treatment''

Dav^

COO

1

83

17

COO

4

15

85

COO

8

2

98

T15

1

85

15

T15

4

40

60

T15

8

2

98

S15

1

96

4

S15

4

36

64

S15

8

0

100

S30

1

94

6

S30

4

40

60

S30

8

6

94

^Number ofpanelists, n=52.
''Treatment symbols: T= tunnel drying, C = control, S= spin drying, nmnbers indicate
length oftime in minutes.
^Storage time.
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purchase the product. The 15% that would purchase the control said they would purchase
it ifthey were "going to use it that day or the next" and "it was all they (store) had".
Removal of moisture was effective for retaining quality, as shown by the T15, SI5, and
S30 treatments after four days ofstorage. The T15, S15, and S30 treatments all had

about the same percentage of acceptance and all three treatments were more accepted
than the control, COO treatment. The higher rate of acceptance(40%)for the three dried
treatments can be attributed to the loss of surface moisture, reducing the discoloration of

the product. Because 15% ofthe panelists said they would purchase the four day-old

control lettuce and approximately 40% said they would purchase the dried lettuce despite
browning is indicative that the degree of browning was not that significant.
After 8 days of storage, all ofthe drying treatment samples were unacceptable by

over 94% ofthe panelists. Minimally processed/MAP lettuce usually has a shelf life of
12-14 days, however the inoculation ofthe lettuce in this experiment drastically reduced
the shelf-life.

Instead of an acceptance test that consisted ofa yes/no question scorecard,

(Appendix) ofthe consumers should have been to rate the products for quality. If a person
has the option to purchase a better bag oflettuce, he/she will, but ifthere is a limited
quantity of prepared salads, the consumer might purchase a lower quality bag oflettuce.

Because 15% ofthe panelists said they would purchase the 4 day-old control lettuce

despite slight browning, the sensory test should have been some form ofa ranking test. A
ranking test might have shown that more panelists were willing to purchase the lettuce

despite the slight browning and indicated more treatment differences.
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Gas

The measurement ofgas was used to indicate the change ofatmosphere within

each sample. Because lettuce is a respiring product, it utilizes existing ofcarbohydrates
and oxygen inside the packaging, and converts them to water and carbon dioxide
(Hardenburg, 1989). The design ofthe packaging, especially for a moderately respiring
vegetable product, inhibits the influx of oxygen, but allows some oxygen across the film to
prevent an anaerobic atmosphere. The accumulation ofcarbon dioxide as a result of
respiration is used to inhibit the rate ofrespiration hence prolonging shelflife(Barmore,
1987). Because ofthe combined effect of packaging and inoculation ofthe lettuce, the
effect ofspin and tunnel drying can not be directly related to the respiration rate ofthe

product. The microbial load could increase respiration, therefore, a direct cause and
affect relationship between the moisture removal technique and respiration can not be
drawn, but general trends can be observed about the production ofcarbon dioxide. As

shown in Figures 13 and 14, there was a significant increase ofcarbon dioxide over the

16-d storage period (P<0.05). The rapid increase from day 0 to day 4 can be attributed
to the wound response after cutting and drying (Bolin and Huxsoll, 1991). After 8 d of
storage, the effect ofthe packaging film is evidenced by the lack change in carbon dioxide
content(P>0.5). Ifthe gas data is conqiared to the microbial resuhs, there is a pattern

that is consistent with the gas data. Basically, the higher the microbial load, the greater

the production of carbon dioxide. The reasoning for an association between the two
factors could be three-fold; the microbial load is respirating as well the product and the
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Figure 13. The eflFect oftunnel drying for 0,5, 10, and 15 minutes
on the percent carbon dioxide in package atmosphere
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Figure 14. The effect ofspin drying for 0, 1, 15, and 30 minutes on
the percent carbon dioxide in package atmosphere.
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difference in COj can be attributed to the contribution ofthe organisms or the organisms
are damaging the tissue and as a result the tissue has an increased respiration rate, or a
combination ofthe two previous factors.

As shown in Table 9, all the tunnel drying treatments were not statistically different
the control(P>0.05). Unlike the tunnel dried treatments, all ofthe spin dried treatments
were statistically different from the control(P<0.05). Although the spin dried treatments
were different from the control, the SOl and S15 treatments were not different from the

TIO or T15 treatments(P>0.05). The amount ofcarbon dioxide in the S30 package was
less than all ofthe packages containing the tunnel dried san^les(P<0.05).

Table 9- LSmeans and treatment differences of average carbon dioxide levels in

packages oflettuce"
Treatment *

Carbon dioxide(%)

T05

4.98

a''

TIO

4.78

ab

T15

4.77

ab

COO

5.03

a

SOl

4.61

be

S15

4.55

be

S30

4.38

c

^Treatment symbols: T= tunnel drying, C = control, S= spin drying, numbers indicate
length oftime in minutes.
^eans followed by like letters are not statistically different(P>0.05).
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The diflFerences in VoCOj in the bags oflettuce con:q)ares to reduced microbial numbers in
the spin treatment lettuce than reduced moisture content in T15 and S30 samples.
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Chapter 5
Conclusions

The most effective spin drying treatment, S30, removed 0.8% moisture from the
surfrce ofthe lettuce, reduced the microbial load by approximately 0.5 logio, reduced

browning as indicated by hue and aE values, and had a lower percentage ofcarbon dioxide
in the package. The most effective tunnel drying treatment, T15, was equally as effective
as the S30 treatment in removing 0.9% moisture from the surface ofthe lettuce and

maintaining the color oflettuce. However,the T15 treatment was not as effective for
reduction of microorganisms or carbon dioxide inside the package. The sensory results
also indicate that the T15 and the S30 treatments were equally desirable. Because ofthe
lack of microbial reduction by the T15 treatment, the S30 treatment would provide an
overall higher quahty. The role of moisture removal technique is obvious between the
T15 and S30 treatments. Both helped to preserve color changes, but between the two,
only the S30 successfiilly reduced the microbial load. Because the preservation ofcolor
was observed in both treatments, removal of moistiue could inhibit enzyme/substrate
interaction hence preserving the overall quahty.

The S30 treatment was effective for extending the shelf-life ofthe lettuce, but the

S15 treatment was equally as effective as the S30 treatment. The S15 treatment removed
0.5% moisture from the surface ofthe lettuce and was equaUy effective for reduction of
the microbial load, and atmospheric carbon dioxide. Although the S15 treatment was
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eflFective for reduction ofmicroorganisms, it was not eflfective for preserving color. The
lack of effectiveness for the preservation ofcolor is evidenced by the lack of difference
between the S15 and control's(COO)aE and hue angle. However, results from the

sensory tests found that S15 treatment was equally as desirable as the T15 and S30
samples Since the 815 and 830 treatments are basically equivalent, further research is
needed to determine the optimum spin time between the 15 and 30 minutes.
Processors could benefit from the shorter spin time and the higher percent

moisture, since the 815 treatment is equivalent to the 830 treatment. The shorter spin
time could increase production time and profit since the higher percent moisture left on
the surface ofthe product would increase the weight ofthe lettuce. For example, if a

salad packager processes a million pounds oflettuce per week and he/she decreases the
amoimt of moisture removed by a minimum of0.1%, 1000 pounds of water could be sold
with the product. Ifthe lettuce sells for a minimum of $0.60 per poimd a $600 profit
could be made per week and over a year, $31, 200 could be made without compromising
quahty.

Further research into ways of altering centrifuge rates and measuring the effect on

the quahty of produce can prove to be beneficial to increase production time, quahty, and
profit. Additional study ofvarying g forces could reveal information to optimize shelf-life,
reduce moisture, and decrease microbial load.
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Sample Score Sheet

Sample
Judge

Assume you are going to buy lettuce at the store. Would you buy the package in front of
you?

YES

NO

Why or Why not?

PLEASE DO NOT OPEN PACKAGE

74

Table A-1- LSmeans ofL* over a 16-d storage period
Treatment

Day 0

Day 4

Day 8

Day 12

Day 16

T05

60.6

61.0

62.0

60.0

59.0

TIO

59.3

63.6

62.5

62.6

63.0

T15

64.7

60.4

63.0

61.1

60.4

COO

60.8

61.6

59.3

59.2

58.8

SOl

62.4

63.6

64.0

61.4

61.9

S15

61.3

65.6

64.8

63.0

65.1

S30

64.5

66.6

61.1

61.2

63.7

L= 100 white, L=0 black

Table A-2- LSmeans ofa* over 16-d storage period
Treatment

Day 0

Day 4

Day 8

Day 12

Day 16

T05

-4.1

-3.3

-1.7

-1.5

-0.75

TIO

-5.2

-4.4

-4.3

-3.9

-3.2

T15

-4.5

-3.5

-3.4

-3.2

-2.8

COO

-5.5

-3.9

-1.1

-1.3

-0.72

SOl

-5.12

-3.6

-3.7

-2.0

-1.3

S15

-4.2

-3.8

-2.9

-1.0

-2.1

S30

-4.4

-4.2

-4.0

-3.2

-2.8

a negative = green, a positive = red
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Table A-3- LSmeans ofb* over 16-d storage period
Treatment

Day 0

Day 4

Day 8

Day 12

Day 16

T05

18.6

16.8

16.9

18.6

17.2

TIO

19.4

19.7

20.2

20.8

22.5

T15

18.2

16.3

17.6

18.6

18.8

COO

22.0

20.2

17.3

18.6

20.1

SOl

22.1

17.7

18.8

18.3

18.9

S15

17.6

19.9

20.1

17.4

20.2

S30

19.4

18.4

19.8

20.4

19.7

b positive= yellow; b negative= blue
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a

Figure A-1. Converted Centrifiige Diagram
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